ABSTRACT. We are conducting a search for very low mass ( M ) companions of stars within 10 pc M ! 0.2 , of the Sun using the NICMOS infrared camera on the Hubble Space Telescope. The highly exposed images of each target star are subtracted from the NICMOS Camera 2 (NIC2) field using previously observed stars so that faint companions may be detected. We have characterized the NIC2 point-spread function (PSF) at large angles and measured encircled energies useful for point-source aperture photometry corrections. The Camera 2 PSFs have elliptical diffraction rings and asymmetric diffraction spike banding patterns that appear to be caused by a misalignment of the NICMOS cold mask relative to the telescope obscurations. The mask's position appears to vary about a general offset, creating a time-dependent diffraction pattern. We have devised a procedure for selecting target star images that provide the best PSF subtractions. The ultimate detection limits of our survey are F110W ∼ 21 and F222M ∼ 19.5, roughly approximating J and K measurements, respectively.
INTRODUCTION
The search for and study of very low mass (VLM) objects ( M ) has become one of the leading topics in astron-M ! 0.2 , omy, especially since the discovery of the first bona fide brown dwarf, Gliese 229B . However, the intrinsic faintness of VLM objects, with luminosities at best 0.01 times that of the Sun, makes them difficult to detect. In addition, their spectral energy distributions peak at near-infrared wavelengths, making them considerably fainter at visible wavelengths than more massive, hotter stars.
The difficulty in finding such objects, whether single or as companions to brighter stars, limits our understanding of the luminosity function (LF) and is the principal reason for uncertainties in the mass-luminosity relation (MLR) near and below the end of the main sequence. Infrared sky surveys such as DENIS and 2MASS are now detecting many objects near and perhaps just beyond the end of the main sequence, but they are not very sensitive to objects like Gl 229B and will not address shortcomings in the MLR directly. Instead, to reach to masses of tens of Jupiters and to better define the MLR below 0.2 M , it is better to search nearby stars at high res-termine absolute luminosities because precise parallaxes of nearby stars are available, and (3) the possibility of determining masses dynamically for the VLM companions.
The large contrast in brightness between nearby stars and their VLM companions limits the search space and sensitivity of most ground-based surveys. Speckle interferometry is effective for imaging binaries with separations of 1-10 AU but has limited flux sensitivity (Henry & McCarthy 1990 ). Deep imaging is sensitive to fainter sources but is usually limited to separations greater than 100 AU (Simons, Henry, & Kirkpatrick 1996) . Coronagraphic imaging permits investigation between these extremes, but the sensitivity of this technique depends greatly on atmospheric seeing conditions (Nakajima et al. 1994) .
The best instrument currently available for seeking VLM companions is the Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) on the Hubble Space Telescope (HST). It provides the resolution, field of view, image stability (compared with ground-based instruments), and sensitivity to faint sources that are needed to conduct a search for companions at separations of 10 and 100 AU.
We have begun a survey for VLM companions to stars within 10 pc using NICMOS. Images of each target star are obtained through four filters that have bandpasses coinciding with spectral features characteristic of VLM objects. The stars are overexposed so that the point-spread function (PSF) dominates the field. To detect faint companions at small separations, the target star's PSF must be subtracted using a suitably matching image of another star.
Our experiments subtracting NICMOS PSFs have led to the identification of an optical anomaly that causes a significant time dependence of the PSF. By characterizing this anomaly and identifying its cause, we have been able to optimize the PSF subtraction procedure. We have determined the detection limits of our survey by adding model images of companions to the PSF-subtracted images. We have also obtained encircled energy curves for the PSFs at large angles that are useful for point-source aperture photometry corrections. Future papers will describe the astronomical results of our survey, including a photometric calibration of four NICMOS filters for late-type stars.
OBSERVATIONS
Our 10 pc survey is a snapshot program (HST programs 7420 and 7894) consisting of 265 targets. Snapshot images are executed during gaps in the weekly HST observing plan; they are not guaranteed observations. Observations began in 1997 July and are ongoing. Through 1998 March, 82 targets have been observed.
We are using the NICMOS Camera 2 (NIC2) on HST, which has a sensitivity range of mm. Of the three NICl ϭ 0.9-2.5 MOS cameras, NIC2 provides the best resolution (0Љ .076 pixel ), field of view (19Љ .5 # 19Љ .5), and selection of filters Ϫ1 for our survey. Each target is observed through filters F110W, F180M, F207M, and F222M (see Table 1 ). The F180M and F222M bandpasses coincide with the methane bands seen in Gl 229B's near-infrared spectrum . Isolation of these absorption bands is useful for discriminating between brown dwarfs and VLM stars (Rosenthal, Gurwell, & Ho 1996) .
Each target star is acquired near the center of the detector. During integration, the detector is read nondestructively in a multiple-accumulate sequence of progressively longer exposures totalling 64 s (for F110W and F180M) and 128 s (for F207M and F222M). For each filter, two exposure sequences are obtained and combined into a single final image. In most cases, the target star is so overexposed that its diffraction pattern fills the entire field. Saturated pixels in the long-exposure images of a sequence are replaced by properly scaled, unsaturated pixels from the shorter exposure images. Many of the stars in the survey are sufficiently bright to saturate the core of the image during the shortest exposures.
NIC2 has a coronagraphic mode that reduces scattered light by about a factor of 3 relative to the normal imaging mode. We do not use the coronagraph because the time required to place the star behind the occulting spot would compromise our ability to expose sufficiently through four filters within the typical duration of a snapshot visit.
THE DATA
The overexposed images from our survey provide an opportunity to characterize the NIC2 PSF at large angles and identify artifacts introduced by either the camera electronics or the data calibration software. Many of these artifacts are not apparent in more conventionally exposed images. Our images also permit the determination of aperture corrections for pointsource photometry. Examples of the images obtained through each survey filter are shown in Figure 1 .
Before describing in detail the optical characteristics of the NIC2 PSF, we briefly discuss the image artifacts induced by the camera electronics and the data calibration software.
Electronic Artifacts
Each NICMOS detector consists a 256 # 256 pixel HgCdTe array that is electronically subdivided into 128 # 128 pixel quadrants (MacKenty et al. 1997) . When a bright source is located in one quadrant, a faint, electronically induced ghost image is produced at the corresponding locations within the other quadrants. Also, a vertical band emanates from the center of an overexposed star. Together, these artifacts are known informally as the "Staypuft anomaly" (Voit et al. 1997) .
The NICMOS arrays also exhibit residual images of bright objects that appear in several subsequent exposures. This effect, called "persistence," is not important to our study because the cores of the star images are usually saturated and therefore are not useful for PSF subtractions. Because each target star remains at the same location in all exposure sequences in our survey, the persistence is confined to the image core. Preliminary photometric analysis of our unsaturated images indicates that persistence increases the number of counts in the second exposure sequence through each filter by about 0.5% in a 0Љ .5 radius aperture.
Calibration Artifacts
Until 1998 January, the NICMOS flat fields, dark files, and pipeline software did not produce adequately calibrated images. The initial flat fields, obtained during prelaunch testing, were not well matched to the on-orbit data and caused low spatial frequency structure in the image background. Also, many bad pixels (those with high dark-count rates or affected by paint flecks) were not properly corrected or masked. Many saturated pixels were not replaced by scaled values from shorter exposure images. Fixes to the pipeline software and reference files have corrected most of these problems (Ritchie et al. 1997) . We have recalibrated all the survey images obtained in 1997 using the revised software and files. In 1997 August, the flight software on NICMOS was changed to reduce a bias offset ("pedestal") that caused an artifact resembling an inverted flat field in some calibrated images. Images obtained after this date are less likely to show this pattern.
The most noticeable calibration artifact is a bright spot of diameter 0Љ .7 located in the upper left quadrant centered near pixel 72,210. This spot marks the location of the NIC2 coronagraphic mask and is introduced during the flat-field correction of the images.
Optical Characteristics of the NIC2 PSF
A quick study of Figure 1 reveals obvious differences between the PSFs of the wide-band F110W filter and the mediumband filters. The F110W PSF is smooth, with radial streaks and no diffraction rings, whereas the medium-band PSFs display well-defined rings. These phenomena are easily understood in terms of the superposition of monochromatic diffraction patterns that expand with increasing wavelength. The diffraction rings become progressively less distinct as the bandwidth of the filtered light increases. Because NICMOS is a near-infrared instrument, its PSFs are insensitive to small optical aberrations and zonal mirror polishing errors (Krist & Burrows 1995) . Our images also show that NIC2 does not suffer from any significant internal scattering, which would seriously reduce the quality of our PSF subtractions. For example, scattering from the surfaces of the Wide Field and Planetary Camera 2 (WFPC2) CCDs adds a broad halo with complex, high-frequency structure to the diffraction pattern of well-exposed stars. Because this scattered light varies significantly with image location, it is extremely difficult to subtract (Krist 1995; Schroeder & Golimowski 1996) .
The diffraction spikes in the NIC2 images are 0Њ .5 from being perpendicular to each other. This is not noticeable near the core but becomes apparent at larger angles.
In addition to the electronic "Staypuft" ghosts, there are two ghosts caused by the optics in the NIC2 images. The first, evident in most of the targets and in all four filters, is a large ring of diameter 5Љ that is usually found near the bottom of the field. The ring appears to be a highly defocused reflection of the target star, and its location is very sensitive to the position of the star. The ghost's location changes by tens of pixels as the filters are changed. These characteristics suggest that the ghost is caused by a reflection between the filter and the window at the entrance aperture of the NIC2 dewar. The integrated brightness of the ghost is 8 mag fainter than that of the star. The ghost cannot be completely subtracted from the field unless the reference PSF is at the same location as the star. Thus, it is typically seen as a residual in the PSF-subtracted images.
The second ghost is seen in only a few images and is most noticeable in the F110W frames. It is a very thin circle of diameter 6Љ with the target star located on its left edge. This ghost is considerably fainter than the one previously described, although it can be seen in some unsubtracted images. Its cause is unknown.
The NICMOS PSFs are expected to vary slightly on timescales of one HST orbit because of thermally induced changes in the telescope focus (also known as "breathing"). Also, the NICMOS dewar has been shrinking slowly since 1997 April, before which it was deformed by expansion of its nitrogen coolant. During most of our survey, however, this contraction has been negligible.
Encircled Energy Measurements
The highly exposed images of our target stars provide an excellent opportunity to measure the encircled energies of the PSFs as a function of radius for the four survey filters. These measurements are relevant for aperture corrections used in point-source photometry. Figure 2 shows the encircled energy curves for three of the filters; the measured values are given in Table 2 . The stars selected were not saturated and appeared centered to within 0.2 pixel of the pixel center. No image shifting was performed. A uniform background level was computed from the median of a 5 # 5 pixel box in the corner most distant from the core and subtracted from the image. After replacing bad pixels with interpolated values, the entire frame was normalized to a total flux of 1. The sums of all pixels within concentric apertures of increasing radii were used to compute each encircled energy curve. The curves are well matched by those derived from model PSFs generated by the Tiny Tim v4.4 software (Krist & Hook 1997a ), so we believe that the model PSFs are appropriate for determining the aperture corrections for all NICMOS filters. Significant variations within approximately 0Љ .3 of the core may be caused by centering, focus, and persistence effects.
SUBTRACTION OF THE PSF
The PSF of each target is subtracted from the NIC2 field using an image of another survey star. The reference image is shifted and scaled based on visual inspection of the subtraction. An automated procedure for minimizing subtraction residuals was deemed unsuitable because of possible contamination by faint companions, asymmetric PSF artifacts (including ghosts), and detector effects.
We have developed an IDL (Interactive Data Language) program that permits the interactive adjustment of the subtraction parameters, display of cross-sectional plots, and blinking of the target and reference PSFs to verify proper registration. When a target or reference PSF is loaded into the program, its center is marked by eye and the background level is estimated from the average of the median values of two strips along the extreme left and right edges of the field. After subtracting the background signal, the star's brightness is estimated from the average of the medians of two boxes located to the left and right of the image core. The reference PSF is then scaled to match the brightness of the target star. Saturation of the core in many of the images prevents scaling using the peak pixel intensity. The reference PSF is aligned with the marked center of the target PSF and then subtracted. Adjustments to the PSF registration, intensity scaling, and background estimation are performed iteratively until the residuals are visually minimized. Cross-sectional plots are used to inspect the quality of the PSF subtractions. We estimate that the PSFs can be aligned to within 0.05 pixel using this technique.
The pixel values of the shifted reference PSF are computed using cubic convolution interpolation (Park & Schowengerdt 1983) , which approximates sinc interpolation. This is performed using the INTERPOLATE function in IDL with the CUBIC option. This method produces results superior to those of bilinear interpolation by preserving higher spatial frequencies, though it can produce anomalous single pixel values near the core that are easily identifiable. Other higher order interpolation methods may also be suitable.
Initial Subtraction Results
At first, selecting the best reference PSF from the large number of available images was difficult. The best PSFs were thought to be those of stars with spectral types similar to those of the target star and with high signal-to-noise ratios at large distances from their centers. The latter quality helps to limit the noise introduced to the subtracted image. To subtract the optical ghosts adequately, the reference PSF would also have to be located within a few pixels of the corresponding location of the target PSF.
Our initial PSF subtractions produced unexpected residual patterns not related to any electronic, calibration, or interpolation artifacts. Only a small number of the subtractions could be characterized as good, i.e., having small (a few percent) residuals in the wings of the PSF (Fig. 3) . In most cases, there were significant diffraction ring residuals that tended to be larger along one axis of the image than the other. The largest of these residuals were 10%-20% of the unsubtracted pixel values. The best subtractions reduced the brightness of the PSF by an average factor of 15 between 1Љ .75 and 6Љ .5 from the image center. Within 1Љ .75 of the center, the residuals were dominated by both interpolation errors and PSF mismatches (likely caused by breathing and color differences). Subtractions of the diffraction spikes also left large residuals that appeared as alternating patterns of light and dark bands. Figure 4 demonstrates how a poor subtraction can affect the detection of companions near the star.
These residuals do not reflect errors expected from differences between the spectral types of the target and reference stars or from focus changes. To confirm this, Tiny Tim model PSFs were generated for various amounts of defocus (within the known amplitude of HST focus changes) and for different spectral energy distributions. Examples of each are shown in Figure 5 . Changes in spectral type slightly alter the ring diameters, because redder stars produce broader PSFs through a given bandpass than do more blue ones. Focus changes affect the ring diameters less; instead they redistribute light among the rings. The residual banding patterns in the diffraction spikes do not match and are 5 times lower than those observed. Both changes produce symmetric residuals, unlike those seen in Figure 3 from the subtraction of actual NIC2 images. (The causes and effects of the third PSF variation shown in Fig. 5, " wiggle," are discussed in the following section.)
Close examination of the unsubtracted NIC2 PSFs revealed a number of unexpected features. The diffraction rings are slightly elliptical, rather than circular, as would be expected for a circular pupil. The ellipticity of the rings is too great to be caused by the astigmatism known to exist in the NICMOS optics (Krist & Hook 1997b) . The diffraction spikes, with their alternating light and dark bands, also show asymmetries. The number of bands along one diagonal does not match that on the other, and the positions of corresponding bands differ by as much as 15 pixels. Furthermore, when two observed PSFs are blinked against each other, the bands along one diagonal often move inward, toward the core, while those along the other diagonal move outward. These phenomena cannot be explained by changes in aberrations or spectral type. The only possible cause is lateral movement of the NIC2 pupil obscurations relative to those in the telescope.
Cold Mask Shifting
Each NICMOS camera has a cold mask located at the entrance of the dewar that is designed to block thermal emission from the HST optical telescope assembly (OTA) pupil obscurations, which include the secondary mirror and its support structure (spiders), the primary mirror support pads, and the edge of the primary mirror (Fig. 6) . In NIC2, the cold mask 5 # 10 1 # 10 of a PSF with 10 mm of breathing (defocus measured in terms of OTA secondary mirror motion) from an in-focus PSF. Right: Subtraction of two PSFs with shifted NICMOS cold masks, with one shifted by an additional 0.5% to simulate "wiggle" effects. also serves as the Lyot stop for the coronagraph. Ideally, the cold mask and the OTA pupil should be aligned. However, we believe that they are misaligned and that the position of the cold mask varies slightly over time, causing the asymmetries and subtraction residuals seen in our images.
The effects of obscuration shifting are known from the analysis and modeling of HST WFPC2 PSFs (Krist 1995) . The WFPC2 pupil varies with field position because the secondary mirrors and supports in WFPC2's Cassegrain repeaters are not in conjugate image planes of the OTA pupil. Misalignments of the WFPC2 and OTA spiders cause variations in the banding patterns of the PSF diffraction spikes. Offsets of the WFPC2 secondary mirror obscuration relative to that of the OTA create elliptical diffraction rings in the PSFs.
Our experience with WFPC2 prompted us to investigate the possibility that the NIC2 cold mask was shifted relative to the OTA pupil. We modified the Tiny Tim software to permit userspecified offsets of the cold mask. We found that the shape of the diffraction rings and the banding patterns of the diffraction spikes could be reproduced by misaligning the pupil and the cold mask. Moreover, the asymmetric banding patterns along the diffraction spikes are caused by unequal offsets between the corresponding pairs of spider diagonals. We reproduced the elliptical rings and asymmetric banding patterns seen in our images by shifting the cold mask by about 11% of the pupil radius (see Figs. 6 and 7) .
Unlike WFPC2, the NICMOS cold masks lie in conjugate pupil planes, so the combined OTA ϩ NICMOS pupil does not vary with field position. However, PSFs at the same NIC2 field position often exhibit different spider banding patterns. This effect, and the strange in-and-out motion of the bands, can be explained by a cold mask that shifts over time in a way that the separation of the OTA and cold mask spiders along one diagonal increases (causing the bands to move inward) while the separation of the spiders along the other diagonal decreases (causing the bands to move outward). The range of motion exhibited by the bands implies that the cold mask "wiggles" randomly about the 11% offset with an amplitude of 0.5% of the pupil radius. Up to three survey targets have been imaged in 1 day, and each image has displayed a different banding pattern. Thus, the cold mask wiggle probably occurs on orbital timescales (90 minutes). The wiggle may be due to the heating of some element in the camera or camera support structure. Our images indicate that this movement is random, and there has been no directional trend over a period of 6 months. Although focus changes due to breathing certainly contribute to PSF mismatches, the residual patterns we see are dominated by cold mask shifting.
Our theory was substantiated by applying a GerchbergSaxton (GS) phase-retrieval algorithm to one of our images (Gerchberg & Saxton 1972) . GS phase retrieval is an iterative, nonparametric technique that produces maps of the wavefront's amplitude and phase across a camera pupil. Regions of low amplitude indicate the pupil obscurations. To sample sufficiently any high-frequency wavefront aberrations and pupil structures, well-exposed and highly defocused PSFs are usually analyzed (Krist & Burrows 1995) . In-focus PSFs often lack sufficient signal in their wings to provide adequate high-frequency information. However, the overexposed PSFs from our survey could be used successfully with the GS algorithm to retrieve a high-resolution pupil map. We applied the GS algorithm to an F222M PSF with only a constraint of zero amplitude outside of the pupil. Thus, the retrieved pupil map was not biased by our suspicions about the shifted cold mask. After the first iteration, the GS algorithm showed that an elliptical central obscuration was needed to produce the elliptical diffraction rings (see Fig. 8 ). After more iterations, as higher frequency elements were refined, the gap between the NICMOS and OTA spiders became apparent. With a focused PSF, the GS algorithm could not determine unambiguously the direction of the obscuration shift, so it produced a pupil map with two sets of shifted spiders centered about the OTA spiders. Selecting one of the possible patterns, the retrieved pupil matches the one derived from our Tiny Tim model.
The shifted mask reduces throughput by 10% relative to an aligned pupil. This may explain some of reported discrepancy between observed and synthetic photometry (which assumed an aligned pupil; Colina & Rieke 1997 ).
An offset of the mask with a small rotation may explain why the spiders are 0Њ .5 from being perpendicular. However, because of the increased complexity of determining the center and amount of rotation, we have not investigated spider rotation in our modeling. The pupil obtained by the GS procedure did not have sufficient resolution to derive accurately the rotation.
Overexposed stellar images taken by NICMOS Camera 1 also show the elliptical rings and asymmetric bands, indicating that its cold mask is shifted as well. No appropriate data from NICMOS Camera 3 exists at the time of this writing. We do not know the cause of these cold mask shifts, nor can we explain the lack of additional thermal background emission expected from a warm, improperly masked OTA pupil.
Revised Subtraction Procedure
Knowing the cause of the poor subtractions, we were able to implement a new, more systematic procedure for selecting reference PSFs for each target star. After marking the center of the target PSF through each filter, the anomalies in the F222M PSF are inspected, as the diffraction structure is best resolved in that filter. The effects of the shifting cold mask are well characterized from the positions of the second dark bands (counted from the image center) on the upper right and lower right diffraction spikes. We define the "band ratio" to be the ratio of the distances from the image center to the upper and lower bands. The distance to the lower band is termed the "band focus." We assume that the band ratio and band focus apply to all filters for a given target. Once the band ratio and band focus have been computed for the target PSF, reference PSFs having similar values of each parameter are culled from the set of previously observed survey targets. The selected reference PSFs exhibit diffraction ring and banding patterns very similar to those of the target PSF and so produce subtracted images with smaller residuals than do PSFs with mismatched band ratios or foci. If the band ratios are similar but the band foci are different, then the residual images will be symmetric. When the band foci are similar but the band ratios are different, the residual images will be asymmetric. We can usually obtain the best PSF subtraction after testing three or four reference PSFs. Thus, this revised procedure is considerably more efficient than the initial procedure described in § 4.1. In those few instances where the target stars are too faint to produce bright diffraction spikes, PSF subtraction is performed by trial and error.
SENSITIVITY TO FAINT COMPANIONS
To investigate the sensitivity of our imaging technique to faint companions, we added Tiny Tim model PSFs of varying brightness to the NIC2 images at different separations from the target star. We define the detection limit at a given separation as the brightness below which the model companion (which is centered within a pixel) becomes indistinguishable from the local background.
Model companions were added to both unsubtracted ( Fig.  9) and subtracted ( Fig. 10) images of Gl 229A and LHS 3255, which are, respectively, brighter and fainter than the average stars in the program. The subtracted images are of average quality. As expected, the model companions become more difficult to detect as the signal from either the target PSF or the subtraction residuals increases with decreasing separation. The faintest companions can only be seen around faint target stars, as the subtraction residuals are nearly proportional to the target star's brightness. Figures 9 and 10 show that companions of a given brightness and separation are most easily detected through F110W, because that filter produces PSFs and residual images that are smoother than those of the other, narrower band filters used in the survey. Table 3 lists the faint companion detection limits at three distances from Gl 229A and LHS 3255, expressed in units of delta magnitudes for each survey bandpass. For brighter targets like Gl 229A, the detection limits at all separations are governed by the quality of the PSF subtraction. For fainter stars like LHS 3255, the detection limits are dependent on the instrumental noise. The absolute, noise-limited detection limits are F110W ∼ 21.0 and F222M ∼ 19.5. These limits roughly approximate those of the standard J and K bands. Note that these values do not indicate the level at which accurate photometry can be obtained; such limits will be discussed in a later paper.
CONCLUSIONS
We have characterized the NICMOS Camera 2 PSF at large angles, identifying electronic, calibration, and optical artifacts, and have derived encircled energy curves. Our analysis of subtracted PSFs indicate that the NICMOS cold mask is shifted relative to the telescope's pupil obscurations, creating elliptical diffraction rings and asymmetric banding patterns on the diffraction spikes. The cold mask appears to be shifting randomly around a point offset by 11% of the pupil radius, causing changes in the diffraction structure on orbital timescales. Using the position of spider band patterns, we have established a method of selecting optimum reference PSFs. We have verified the quality of Tiny Tim model PSFs and have used them to determine our limiting magnitudes for the low-mass companion search program.
